In evaluation of pulmonary insufficiency in patients with paralytic respiratory disease, the contribution of various muscles and muscle groups is of considerable interest. The older observers, notably Keith (1) , based their conclusions of the contribution of the various muscles to respiration on two types of study. One was the anatomical position of the muscle in relation to the direction of the fibers and the origin and insertion of the muscle. The other was the study of muscle function by observation or palpation of the contracting muscle. So influential has been the classical treatise of Keith that modern textbooks (2) base their teaching of respiratory muscle function on this work. The observations of recent years have consisted mainly of studies of electromyographyCampbell (3) , Campbell and Green (4), Lewis (5) , Dickinson (6) and Floyd and Silver (7) . While these investigators have recognized the limitations of electromyography, such as the uncertainties when using surface electrodes in recognizing electrical activity of a deep muscle below a superficial muscle and the uncertainty of determining the exact location of the active tip of the less popular needle electrodes, much useful information has been obtained. In particular, electromyographic studies have revealed the association of electromyographic activity with muscle function during quiet and deep breathing, in hyperventilation, maximum inspiratory and expiratory effort against pressure, coughing, straining and in maintenance of posture. One muscle whose participation in respiration cannot be easily evaluated by electromyography is the diaphragm. As will be shown later, it is this muscle whose participation in respiration can be particularly evaluated by the present study of paraplegics.
The work reported here consists of a study of a group of patients who have varying degrees of muscle paralysis caused by a traumatic lesion of the spinal cord. The characteristic feature of this group is that the lesion is complete and well defined, with absence of ventilatory function below the lesion and normal function above. By selection of patients with lesions at various spinal segments and testing with standard pulmonary function tests, it has been possible to evaluate the effect on breathing caused by functional elimination of the respiratory muscles below any spinal level. For patients with a "low" lesion, that is, in the lower lumbar region, the only loss of function of body muscles is that of the pelvic floor. With "high" lesions in the lower cervical region the only effective muscle remaining for respiration is the diaphragm. This method of evaluating the role of various groups of muscles as contributors to respiration differs from the usual methods of studying pulmonary muscle function mentioned above and provides supplementary information not obtainable by other methods.
METHODS
The patients studied were selected from approximately 400 patients of the Paraplegia Service of the Long Beach Veterans Administration Hospital. This particular service has special facilities for care, treatment, research, social and economic management of this type of patient. From this group 64 patients were selected for study. The selection was determined by completeness of the spinal cord lesion, freedom from complicating factors such as muscle spasm, willingness of the patient as a cooperative subj ect and absence of other respiratory disorders than that caused by the lesion. The patients were mostly in the 20 to 40 year age group. They were all men and were the victims of the accidents listed in Table I , the majority of these being automobile accidents. Before injury these men were in excellent health, were muscular and most were engaged in outdoor work or outdoor activities. Between the time of the injury and the time of measurement, weight loss occurred of approximately 5 to 20 per cent. The tests were made at a time after injury varying from 4 months to 10 years. The time interval between injury and testing, together with the ages of the subjects, is shown in Figure 1 . Figure 1 . These men were tested in the same manner as the patients except that the arterial blood studies were omitted.
There were four groups of tests made including a) spirometry, b) residual volume and nitrogen clearance during oxygen breathing, c) blood gas analysis and d) an exercise tolerance test. a) The spirometry tests consisted of a measure of inspiratory vital capacity, expiratory reserve volume, and maximum breathing capacity. The inspiratory vital capacity as defined here is the increase in lung volume caused by a maximal forced inspiration following a maximal expiration. The Collins 13 liter spirometer was used. Four determinations of inspiratory vital capacity were made and the largest value chosen. Nine measurements of expiratory reserve volume were made and the mean value used. Two measurements of the maximum breathing capacity were made and the highest values used. b) Residual 
RESULTS

Vital capacity
The inspiratory vital capacity of the control group was determined and from the data a linear regression formula relating vital capacity to age was derived. The formula is:
Inspiratory vital capacity = 2.857 -0.101 x age + 0.335 (liters, 37°C., ambient pressure saturated with water vapor). Another prediction formula was the "height formula" given by Baldwin, Cournand, and Richards (11) . Using these two prediction formulas, the predicted vital capacity of each patient was determined and from their measured vital capacity, the percentage of the predicted value was obtained. These percentages with standard deviations are given in Table II . For each group and for each prediction formula the probability of a significant difference from normal was determined using the Fisher test. In the table, if a group is significantly different from normal, it is designated S; if not significantly different, NS. It was considered significantly different if the probability of being different exceeded 99 per cent, or the probability, p, of nonsignificance was less than 0.01.
The patients of Group I (lumbar lesion) had vital capacities which did not differ significantly from normal. Group II patients (thoracic lesion) had vital capacities significantly smaller (82.9 per cent) than our control group but not significantly less than predicted by the Baldwin height formula. Group III patients had vital capacities significantly less than normal (approximately twothirds of normal). Their vital capacities were surprisingly high considering the extensive paralysis and the availability for breathing of only one important respiratory muscle, the diaphragm. Expiratory reserve volume/inspiratory vital capacity ratio It is to be expected that, with lesions of the spinal cord in the thoracic or cervical segments, the expiratory effort would be more likely to be impaired than the inspiratory effort presuming that the abdominal muscles are the powerful expiratory muscles. Considering the two components of the vital capacity as the inspiratory capacity and the expiratory reserve volume, and defining the expiratory reserve volume as the decrease in lung volume caused by a forced expiration starting from the resting expiratory level, one would expect that with abdominal muscle paralysis the expiratory reserve volume would be decreased more than inspiratory capacity. The ratio of expiratory reserve volume to vital capacity expressed as percentage is given in Table  III with the probability of there being a significant difference between paraplegic and control groups. For the paraplegics with lumbar and thoracic spinal cord lesions there was no significant difference between normals and paraplegics. With cervical lesions, however, the expiratory reserve volume percentage was reduced significantly to approximately one-half.
Maximum breathing capacity
In Table IV are given the values of maximum breathing capacity expressed as percentages of the standard predicted values. These standards are those of Motley (12) and Baldwin, Cournand, and Richards ( 11 ). The maximum breathing capacity of the control group of normal individuals was determined and a regression formula derived as a function of age. This formula is:
Maximum breathing capacity/square meter of body surface = 92.9 -0.654 X age + 13.6 (liters, 370 C., ambient pressure saturated with water vapor).
The percentage of the maximum breathing capacity predicted by this formula is given in Table  IV . The probability of a significant difference from the predicted, with p < 0.01, is indicated by S (see vital capacity). For Group I (lumbar lesion) the maximum breathing capacity did not differ significantly from the normal predicted values of the Baldwin formula or our control group. However, compared with the Motley formula (which has higher values than the Baldwin or our control group) the Group I paraplegics were significantly lower. For Groups II and III the maximum breathing capacity values are all significantly lower than predicted. 
Residual volume
The residual volume in liters B.T.P.S. per square meter of body surface for the paraplegics compared with normal controls is shown in Figure 3 . A linear regression formula for the normal controls was computed and found to be:
Residual * Oxygen content, oxygen capacity and carbon dioxide content are given as ml. of each gas STPD (00 C., 760 mm. pressure, dry) in 100 ml. of whole blood. x is the mean value and a the standard deviation.
pacity ratio is significantly greater than normal controls of the same age as is shown in Table V . The higher the lesion the greater is this ratio. The total capacity is the sum of vital capacity and residual volume.
Blood gases
The arterial blood oxygen and carbon dioxide, as well as arterial pH, are shown in Table VI carbon dioxide analyses of end-tidal (alveolar) air and expired air are given in Table VIII with values of the dead space/tidal volume ratio. For the normal control group and the patients with lumbar spinal transections the dead space volume increased with exercise and the dead space percentage of the tidal volume decreased, a finding in agreement with previous investigators (9). However, for the patients with thoracic lesions (Group II) the dead space decreased slightly (but insignificantly) with exercise, while for patients with cervical lesions the dead space fell more. If a statistical comparison is made of the dead space change with exercise and Group I, or the normal control group, compared with the Group III (cervical lesion), a statistically significant difference between the two groups (p < 0.001) exists.
DISCUSSION
In the management of paraplegics, respiratory dysfunction is not as serious a clinical problem as bowel and bladder regulation, decubitus ulcers and urinary infection. In tetraplegics, respiratory dysfunction occurs early in the post-traumatic phase when a tracheostomy may be needed and later if an intercurrent upper respiratory infection develops.
With an upper respiratory infection, difficulty is experienced by the patient due to failure of active expectoration. Removal of tracheobronchial secretions can be aided if necessary by postural drainage, splinting of the abdomen and liquefaction of bronchial secreta with expectorants. Usually, however, for routine activity of the tetraplegic the existing, but impaired, cough mechanism with tracheobronchial ciliary function is adequate.
It is evident from the data on vital capacity, maximum breathing capacity, exercise ventilation and blood gases that the ventilation of the paraplegics with lumbar lesions is essentially normal. This is readily explainable since the muscular paralysis of these patients is limited to that of the lower extremities and pelvic floor while the respiratory musculature is functioning normally. The patients of Group III with lower cervical lesions have paralysis of abdominal and intercostal muscles, and the sole remaining effective respiratory muscle is the diaphragm. In spite of this extensive respiratory muscle paralysis, the entire ventilation as performed by this one remaining functional muscle is surprisingly effective. Approximately, for this group, the vital capacity is two-thirds of normal and the maximum breathing capacity one-half of normal.
The expiratory reserve volume is the decrease in volume of the lung caused by a forced expiration commencing from the resting expiratory level. For this forced expiration the expiratory muscles are active participants. Since with thoracic spinal cord lesions part of the expiratory muscles are paralyzed, and with cervical lesions all are paralyzed, it is to be expected that the expiratory reserve volume would be decreased. It was found that with the normal control group and Group I (lumbar lesion) and II (thoracic lesion) the ex-piratory reserve volume percentage of the vital capacity was approximately the same, i.e., approximately 17 to 19 per cent. With Group III (cervical lesions) the expiratory reserve volume was approximately 9 per cent of the vital capacity, a reduction from the normal value of approximately one-half. The surprising finding is that these patients with no functional expiratory muscles can exhale forcibly this much air from the resting expiratory level. The reason for this forcible exhalation is not readily apparent. Possibly the shoulder girdle muscles participate in exhalation more than is generally believed. Another explanation is that the residual volume of these patients is increased approximately 500 ml., as is shown in Figure 3 , which would indicate that they are breathing from a more inspiratory chest position than normal. The term resting expiratory position of the chest, although it implies minimal or no diaphragmatic muscle tonus, does not necessarily mean that such tonus is absent. The work of Culver and Rahn (13) The values observed for blood gases and ventilation studies during exercise were essentially the same for the patients as the controls. These observations indicate that the extensive paralysis of respiratory muscles causes no serious interference with blood gas exchange in the lung and that a mild exercise (equal to approximately two and a half times the resting oxygen consumption rate) can be performed without ventilatory difficulty. The fact that oxygen consumption rate of the paraplegics being essentially the same as the controls suggests that widespread denervation of the skeletal muscle does not reduce oxygen demand of the tissues. This is an observation of theoretical interest in the control of metabolism and the needs for homothermy.
In the response to mild exercise a normal individual increases his ventilation more by deep breathing than by increased respiratory rate. Associated with this increased tidal volume the respiratory physiological dead space as measured by the CO2 method and using the Bohr formula is increased while the dead space/tidal volume fraction is reduced (9) . This response with values which were similar to those in the literature were found for the individuals of the normal control group and those of Group I (lumbar lesions). With Group II (thoracic lesions) the mean respiratory dead space for the group fell slightly, the decrease being of questionable significance. With Group III, however, the respiratory dead space was reduced considerably more with exercise, the mean value decreasing from 100.1 to 86.4 (ml., 370 C., ambient pressure, saturated with water vapor per square meter of body surface). If 4 .75. The problem of measuring respiratory dead space by the CO2 method is one on which some of the most heated controversies of exercise physiology have been waged and many of the problems are still unsettled (9) . It is concluded from the observations here reported that with diaphragmatic breathing of cervical paraplegics, physiological dead space does not increase but may decrease with exercise. This might be due to the fact that diaphragmatic breathing moves the lower parts of the lung adjacent to the diaphragm while the upper part of the lung containing the large airways, and hence the dead space, remains relatively immobile.
SUMMARY
Pulmonary function studies have been made on a group of 63 paraplegic patients with complete spinal transections and a group of 17 normal controls. The patients were divided into three groups: 1) those with lumbar spinal lesions who had paralysis of the lower limbs and pelvic floor but no paralysis of the muscles of breathing; 2) those with thoracic spinal lesions with paralysis of the lumbar muscles and lower intercostals; and 3) those with lower cervical spinal lesions with paralysis of all muscles of breathing except the diaphragm and the accessory muscles of respiration. Measurements were made of vital capacity and components, residual volume, maximum breathing capacity, arterial blood gases and pH, and ventilation during exercise. It was found that the vital capacity and maximum breathing capacity of patients with lumbar lesions were normal, while the group with lower cervical lesions had a vital capacity approximately two-thirds of normal and a maximum breathing capacity of one-half of normal. Paraplegics with thoracic lesions had vital capacities and maximum breathing capacities between the values for the cervical and lumbar lesions groups. The resting expiratory reserve volume expressed as a percentage of the vital capacity was below the normal percentage only for the group of paraplegics with cervical lesions. For this group the percentage value was one-half normal, which is higher than was anticipated for patients with only inspiratory muscle function. Residual volumes of all groups were significantly higher than the normal group. Arterial blood gases of all groups were normal and the ventilatory response to exercise for all groups of paraplegics did not differ from normal.
